Musa-Aziz R, Occhipinti R, Boron WF. Evidence from simultaneous intracellular-and surface-pH transients that carbonic anhydrase IV enhances CO 2 fluxes across Xenopus oocyte plasma membranes. Am J Physiol Cell Physiol 307: C814 -C840, 2014. First published June 25, 2014 doi:10.1152/ajpcell.00050.2014.-Human carbonic anhydrase IV (CA IV) is GPI-anchored to the outer membrane surface, catalyzing CO 2/HCO3 Ϫ hydration-dehydration. We examined effects of heterologously expressed CA IV on intracellular-pH (pH i) and surface-pH (pHS) transients caused by exposing oocytes to CO 2/HCO3 Ϫ /pH 7.50. CO2 influx causes a sustained pHi fall and a transient pH S rise; CO2 efflux does the opposite. Both during CO 2 addition and removal, CA IV increases magnitudes of maximal rate of pH i change (dpHi/dt)max, and maximal pHS change (⌬pH S) and decreases time constants for pHi changes (pH i ) and pH S relaxations (pH S ). Decreases in time constants indicate that CA IV enhances CO 2 fluxes. Extracellular acetazolamide blocks all CA IV effects, but not those of injected CA II. Injected acetazolamide partially reduces CA IV effects. Thus, extracellular CA is required for, and the equivalent of cytosol-accessible CA augments, the effects of CA IV. Increasing the concentration of the extracellular non-CO 2/HCO3 Ϫ buffer (i.e., HEPES), in the presence of extracellular CA or at high [CO 2], accelerates CO2 influx. Simultaneous measurements with two pH S electrodes, one on the oocyte meridian perpendicular to the axis of flow and one downstream from the direction of extracellular-solution flow, reveal that the downstream electrode has a larger (i.e., slower) pH S , indicating [CO2] asymmetry over the oocyte surface. A reaction-diffusion mathematical model (third paper in series) accounts for the above general features, and supports the conclusion that extracellular CA, which replenishes entering CO2 or consumes exiting CO2 at the extracellular surface, enhances the gradient driving CO2 influx across the cell membrane.
IN THE FIRST PAPER in this series (18) we examined the role of the cytosolic enzyme carbonic anhydrase II (CA II) in accelerating CO 2 fluxes across the plasma membrane. We assessed these fluxes by using pH microelectrodes to measure the magnitude of the transient spike in surface pH (pH S )-as well as time constants () for intracellular pH (pH i ) change and pH S relaxation-as we added or removed extracellular CO 2 /HCO 3 Ϫ . The purpose of the present paper is to examine the effect of a prototypical CA at the outer surface of the cell membrane. 1 Of the 15 known mammalian CAs, six are extracellular: CA IV, VI, IX, XII, XIV, and XV (reviewed in ref. 24) . CA IX, XII, and XIV are integral membrane proteins with an extracellular enzyme domain that is continuous with a single transmembrane domain. In the case of CA IV and the closely related CA XV (a pseudogene in humans), a glycosylphosphatidylinositol (GPI) linkage attaches the enzyme domain to the extracellular leaflet of the membrane. CA VI, produced in the salivary glands, is the lone secretory form. In the present study, we chose to work with CA IV because (depending on the species) it is among the fastest CAs. Moreover, among the membraneassociated CAs, it is expressed at high levels in many tissues, including brain (12, 33) , heart, capillary endothelium (28, 29) , lung (10, 36) , kidney (3, 27) , pancreas, gall bladder, distal small intestine, colon (11, 22) , and skeletal muscle (28, 36) . Finally, we chose to work with CA IV from humans because this enzyme is far more active than its rodent orthologs (31) .
In the brain, neuronal discharge may be accompanied by slow and sustained decreases in extracellular pH (pH o ) in some regions, but rapid and transient increases in others (reviewed in ref. 5) . These pH o changes-as large as ϳ0.2-are potentially important physiologically because of the pH o sensitivity of neuronal excitability (5) and because of the pH o sensitivity of specific channels and transporters (9) . Moreover, extracellular CA plays a major role in determining the magnitude of the ⌬pH o changes, maximizing those caused by fluxes of HCO 3 Ϫ (5, 6) but minimizing those caused by fluxes of H ϩ (30) or COញ 3 (14) . Indeed, the brain extracellular space has CA activity, reflecting the presence of CA IV and CA XIV (30) . Outside of the brain, CA IV plays a critical role in HCO 3 Ϫ reabsorption by the renal proximal tubule (24) , and also is present at the apical membrane of pancreatic duct cells (8) .
In this second paper of the series, we heterologously express human CA IV in Xenopus oocytes, and then apply and later remove CO 2 /HCO 3 Ϫ solutions while monitoring pH i and pH S . During CO 2 influx, for example, we find that CA IV not only increases the height of the alkalinizing pH S spike (reflecting catalysis of the reaction HCO 3 Ϫ ϩ H ϩ ¡ CO 2 ϩ H 2 O, but not uniquely reflecting CO 2 influx) but also accelerates the decay of the pH S spike as well as the CO 2 -induced decline in pH i (both of which reflect a greater CO 2 influx). Moreover, extracellular acetazolamide (ACZ), an inhibitor of both the CA IV and CA II, rapidly blocks all of the effects of CA IV but not of injected CA II, indicating that extracellular CA activity is necessary for the effects of expressed CA IV. Injected ACZ partially reduces pH S spikes in CA IV oocytes, implying that the equivalent of cytosol-accessible CA IV augments the effects of expressed CA IV. Our data imply that, during CO 2 influx, extracellular CA replenishes CO 2 at the extracellular surface of the cell, thereby enhancing the gradient driving CO 2 influx across the cell membrane (see Fig. 1 in the first paper in the series; ref. 18 ). A mathematical model, which is discussed in the third paper in the series (21) , supports this hypothesis. In partial fulfillment of the prediction of Gutknecht and Tosteson (15) , we find that, in the presence of extracellular CA, increasing the concentration of the extracellular non-CO 2 /HCO 3 Ϫ buffer (HEPES in our experiments) accelerates the CO 2 influx, but only under certain conditions.
MATERIALS AND METHODS
Most of the methods used in the present study are identical to those described in the first paper in this series (18) . Here we briefly point out differences.
Preparation of Xenopus Oocytes
One day after isolating stage V-VI oocytes from Xenopus laevis (18) , we injected the oocytes with 50 nl of a solution containing 0.5 ng/nl of cRNA encoding human CA IV. We generated cRNA from a pBluescript KS vector using the Message Machine T3 kit (Ambion, Austin, TX). Control oocytes were injected with 50 nl of sterile water. The oocytes were used in experiments 3-5 days after injection. All experiments were performed at room temperature (ϳ22°C).
In some experiments, we injected recombinant human CA II into oocytes 9 to 20 h before the electrophysiological assays. We chose to inject CA II protein, rather than to express cRNA, to build on earlier studies on injected CA II protein (1, 17, 19, 26) and also because we believe that enzyme injection is more likely to yield consistency from oocyte to oocyte. Dr. Fraser J. Moss kindly prepared this CA II as described previously (17, 23) , expressing and purifying the protein using an approach similar to that described by others (32, 35) , and assessing protein purity by SDS-PAGE electrophoresis and Coomassie staining (7) . In other experiments, ϳ3 h before the electrophysiological assays, we injected "CA II" or "CA IV" oocytes with 69 nl of 2 M ACZ (or "H 2O" as a control) to a final concentration of 300 M ACZ inside the oocyte, assuming that the oocyte has a diameter of 1.3 mm and that only 40% of the oocyte volume is water (i.e., a volume of distribution of 460 nl).
The protocols for housing and handling of Xenopus laevis were approved by the Institutional Animal Care and Use Committee of Case Western Reserve and Yale Universities.
Solutions
The solutions are summarized in Table 1 of the first paper in this series (18) . The CA inhibitor ACZ (catalog no. A6011, SigmaAldrich, St. Louis, MO) was diluted in HCO 3 Ϫ -free ND96 (solution no. 1, see Table 1 , column 1, in the first paper; ref. 18) or in 1.5% CO2/10 mM HCO 3 Ϫ solution (solution no. 3, see Table 1 , column 3, in the first paper; ref. 18 ) to a final concentration of 600 M ACZ (pH ϭ 7.5). Bovine CA II (catalog no. C3934, Sigma-Aldrich) used in the extracellular fluid was diluted in CO 2/HCO3 Ϫ solutions to a final concentration of 0.1 g/l (pH ϭ 7.5). The extracellular solution flowed at 3 ml/min, and the computer sampled data at an interval of 500 ms.
Electrophysiological Measurements: Dual pHS Electrodes
In some experiments, we replaced the intracellular pH microelectrode with a second flat-tip pHS microelectrode with an outer tip diameter of 20 m (designated electrode no. 2). We moved this second pH S electrode using the same manual manipulator that otherwise carried the pHi electrode.
Statistics
Data are reported as means Ϯ SE unless stated otherwise. To compare the difference between two means, Student's t-tests (two tails) were performed. To compare more than two means, one-way ANOVA Multiple Comparison was performed, followed by a Student-Newman-Keuls (SNK) analysis, using KaleidaGraph (version 4, Synergy Software). P Ͻ 0.05 was considered significant. To compare the relationship between two variables, Spearman's rank correlation coefficient was performed. A Ϯ 0.5 Ͻ coefficient correlation Ͼ Ϯ 1 was considered large positive or negative correlation. The significance (probability) of the correlation coefficient is determined from the t-statistic (P Ͻ 0.05 was considered significant).
RESULTS

Effect of Expressing CA IV on pH i and pH S Changes
Protocol. Figure 1 shows a pair of experiments-following the same protocol outlined in the first paper in this series (18) -in which we examined the effects of CA IV on the pH i and pH S transients caused by applying and then removing 1.5% CO 2 /10 mM HCO 3 Ϫ at a constant pH of the bath or bulk extracellular fluid (pH BECF ) of 7.50.
We orient oocytes in the chamber, dark animal pole facing upward and the pH S electrode touching near the border of the animal pole and light vegetal pole, as illustrated in Fig. 1 of the first paper in this series (18) . In control experiments on oocytes expressing CA IV (not shown), we monitored pH S during the addition of 1.5% CO 2 /10 mM HCO 3 Ϫ , either with the oocyte in its standard orientation or rotated so that the pH S electrode touched the light vegetal pole. Defining the maximal pH S change as ⌬pH S , we find that ⌬pH S does not differ significantly between the standard oocyte orientation (0.25 Ϯ 0.04, n ϭ 4) vs. the rotated orientation (0.21 Ϯ 0.04, n ϭ 6; paired t-test, P ϭ 0.0014). Thus, it appears that the distribution of CA IV activity is approximately uniform over the oocyte surface.
pH i changes. Oocytes expressing CA IV tend to have a higher initial pH i value (7.40 Ϯ 0.03, n ϭ 24) in the CO 2 / HCO 3 Ϫ -free ND96 solution than day-matched control oocytes (7.28 Ϯ 0.02, n ϭ 19; unpaired t-test, P ϭ 0.0007) that we injected with H 2 O rather than cRNA encoding CA IV. As discussed in ref. 25 , the law of mass action predicts that the higher initial pH i (i.e., the greater the difference between pH i and the overall pK of the CO 2 /HCO 3 Ϫ equilibrium), the greater the magnitude of the change in pH i (⌬pH i ) caused by the influx and equilibration of CO 2 across the cell membrane. A secondary consequence is that the rate of pH i declines produced by the influx of CO 2 should likewise be greater. As noted in the footnotes that follow, these effects are comparatively small for the modest difference in initial pH i values that we observed (i.e., 7.40 vs. 7.28).
An exposure to 1.5% CO 2 /10 mM HCO 3 Ϫ causes pH i to decrease much faster in an oocyte injected with cRNA encoding CA IV (Fig. 1A , lower record) than in an oocyte injected instead with H 2 O (Fig. 1B, lower record) . We define the maximal rate of pH i change as (dpH i /dt) max ; it is negative for CO 2 influx and positive for CO 2 efflux. The gray bars in Fig. 2A summarize the maximal rates of pH i decline for a larger series of experiments, and show that CA IV increases the CO 2 -induced initial (dpH i /dt) max by ϳ4-fold. Figure 2B shows that CA IV, as expected because of its effect on initial pH i , causes a small but significant increase in the magnitude of ⌬pH i (0.33 vs. 0.27, a difference of ϳ20%).
1 However, CA IV does not affect the oocyte's intrinsic buffering power (␤ I ) that we compute from the initial pH i and ⌬pH i (14 Ϯ 2.0 mM, n ϭ 24) for "CA IV" oocytes vs. 13 Ϯ 1.8 mM (n ϭ 19) for "H 2 O" oocytes, giving us confidence that our aforementioned invocation of the mass-action principle is appropriate.
Returning to the effect of CA IV on (dpH i /dt) max , the difference in initial pH i values would predict a ϳ20% increase in the magnitude of (dpH i /dt) max , rather than the observed 4-fold increase. If the newly expressed CA IV were confined to the extracellular surface of the cell, then the initial maximal rate of pH i decline could be a unique index of the maximal rate of CO 2 entry into the cell, and we could conclude that CA IV substantially increases the net CO 2 influx. We hypothesize that CA IV, by effectively catalyzing the reaction HCO 3 Ϫ ϩ H ϩ ¡ CO 2 ϩ H 2 O at the cell's extracellular surface, replenishes CO 2 and thereby maintains a relatively high [CO 2 ] S , and thus a relatively high gradient for CO 2 influx, during the initial phase of the CO 2 /HCO 3 Ϫ exposure. We will see below in Fig. 7 , and also in the DISCUSSION and the third paper in this series (21) , that some of the newly expressed CA IV appears to be accessible to the cytosol, where this effective cytosol-accessible CA IV activity would also contribute to the increase in magnitude of (dpH i /dt) max and ⌬pH S .
pH S changes. The upper records in Fig. 1, A and B, show that CA IV markedly increases the size of the pH S transient caused by application of 1.5% CO 2 /10 mM HCO 3 Ϫ . ⌬pH S is positive for CO 2 influx and negative for CO 2 efflux. The gray bars in Fig. 2C summarize the data and show that CA IV increases ⌬pH S ϳ4 fold. One reason for the higher ⌬pH S in the "CA IV" oocytes is that, as discussed above in the context of Figs. 1A and 2A, the initial CO 2 influx is considerably larger than for "H 2 O" oocytes. Another reason is that, as CA IV catalyzes the reaction HCO 3 Ϫ ϩ H ϩ ¡ CO 2 ϩ H 2 O and thereby replenishes CO 2 at the extracellular surface of the cell, it also speeds the consumption of the H ϩ that the pH S electrode senses at the extracellular surface of the oocyte (see Fig. 1 in the first paper in this series; ref. 18) , further increasing ⌬pH S .
Reversibility. As shown in Fig. 1, A and B, and summarized by the white bars in Fig. 2 , A and C, removing CO 2 /HCO 3 Ϫ 2 The higher initial pHi in the CO2/HCO 3 Ϫ -free ND96 solution of the "CA IV" vs. "H2O" oocytes accounts for the higher ⌬pHi. Fig. 1 . Representative experiments showing effects of carbonic anhydrase IV (CA IV) on intracellular pH (pHi) and surface pH (pHS) changes evoked by application and removal of CO2/HCO 3 Ϫ . A: oocytes expressing human CA IV. (dpHi/dt)max, maximal rate of pHi change; BECF, bulk extracellular fluid. B: oocytes injected only with H2O. Both in "CA IV" or "H2O" oocytes, the pHi trace is represented by the red lower record, and pHS, by the green upper record. At the indicated times, we switched the extracellular solution from ND96 to 1.5% CO2/10 mM HCO 3 Ϫ /pH 7.50 (see Table 1 in the first paper in this series; ref. 18 ) and then back again. In this example, the extracellular solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was withdrawn to the BECF for calibration. At other times the pHS electrode was dimpling ϳ40 m into the oocyte surface. The left and right blue, dashed vertical lines represent the initiation of the pHS and pHi transients, respectively. The dashed black lines through the initial portions of the pHi records for CO2 application and removal represent best linear fits for maximal rates of pHi change (negative or positive direction). The downward vertical arrows near the pHi records represent CO2-induced changes in steady-state pHi. The upward and downward arrows near the pHS records represent maximal changes in pHS (positive or negative direction).
causes pH i and pH S changes that are opposite in direction of those evoked by applying CO 2 /HCO 3 Ϫ . In the case of H 2 Oinjected oocytes (as for Tris-injected oocytes in the first paper in this series; ref. 18 ), the magnitudes of both (dpH i /dt) max and ⌬pH i are not significantly different for CO 2 application vs. withdrawal. In the case of oocytes expressing CA IV (as for CA II-injected oocytes in the first paper; ref. 18) , the magnitude of (dpH i /dt) max was substantially higher for CO 2 application vs. withdrawal. However, in the case of oocytes expressing CA IV, the magnitude of ⌬pH S was similar for CO 2 application and withdrawal (unlike the case for "CA II" oocytes, where ⌬pH S was much larger for CO 2 application). As we will see in the DISCUSSION, the predictions of the mathematical model are consistent with these CA IV data.
Effect of Extracellular ACZ on Expressed CA IV
In a subset of the experiments summarized above in Fig. 2 , we followed an initial CO 2 /HCO 3 Ϫ exposure (as in Fig. 1 ) by a second exposure of the same oocyte to CO 2 /HCO 3 Ϫ in the presence of 600 M ACZ in the BECF to block CA activity.
pH i changes. ACZ markedly slows the initial rates of pH i decrease (or increase) caused by CO 2 addition (or removal) in the "CA IV" oocyte ( Fig. 3A left vs. right side, lower record) but not in the "H 2 O" oocyte ( Fig. 3B left vs. right side, lower record). As summarized for a larger series of experiments in Fig. 4A , ACZ significantly reduces the magnitude of (dpH i / dt) max in "CA IV" oocytes, both for CO 2 addition and removal. In fact, the mean (dpH i /dt) max during CO 2 addition (or removal) for "CA IV" oocytes in the presence of ACZ is not different from that of "H 2 O" oocytes, either untreated or treated with ACZ. The summary in Fig. 4B shows that for both "CA IV" and "H 2 O" oocytes, ACZ had no effect on the decrease in steady-state pH i caused by applying CO 2 /HCO 3 Ϫ .
3 pH S changes. The upper record in Fig. 3A shows that ACZ greatly dampened the pH S transients in "CA IV" oocytes ( Fig. 4C shows that ACZ reduced the CO 2 -induced ⌬pH S in "CA IV" oocytes to a mean value that is not significantly different from that of "H 2 O" oocytes, either untreated or treated with ACZ. Figures 3 and 4 show that ACZ blocks virtually all of the effects of CA IV. Although CA IV is a classic extracellular enzyme, is it possible that some of the effects of CA IV reflect CA IV activity not on the extracellular surface but somehow accessible to the cytosol? For this to be true in light of the data in Figs. 3 and 4 , ACZ, which is relatively membrane impermeant, would have to enter the cell and block this hypothetical effective cytosol-accessible CA IV activity. To test the hypothesis that ACZ can enter the oocyte, we use a protocol such as that of Fig. 3 except that here in Fig. 5 , we 1) inject oocytes with recombinant CA II protein (instead of expressing CA IV), which (like CA IV) is sensitive to ACZ; and 2) expose the oocytes to 5% CO 2 /33 mM HCO 3 Ϫ (instead of 1.5% CO 2 /10 mM HCO 3 Ϫ ). Figure 5 , and data from a larger series of such experiments that we summarize in Fig. 6 , A-C, shows that, in the absence of ACZ, the (dpH i /dt) max , ⌬pH i , and ⌬pH S values 3 The initial pHi for "CA IV" oocytes in the CO2/HCO 3 Ϫ -free ND96 solution was 7.35 Ϯ 0.02 (n ϭ 6), whereas the value for day-matched H2O-injected oocytes was 7.25 Ϯ 0.03 (n ϭ 6; P ϭ 0.009). Fig. 1 , on oocytes expressing CA IV or injected only with H2O. In each case, we switched the extracellular solution from ND96 to 1.5% CO2/10 mM HCO 3 Ϫ (gray bars) and vice versa (white bars). A: maximal rates of pHi change (negative or positive direction) produced by the extracellular solution switch. This summary includes all oocytes expressing CA IV (and exposed to 1.5% CO2 in 5 mM HEPES) in the present study, as well as their day-matched H2O-injected controls. B: changes in steady-state pHi induced by the addition of CO2/HCO 3 Ϫ . C: maximal changes in pHS (positive or negative direction) caused by the extracellular solution switch. Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA in B and C (overall P values: P Ͻ 10 Ϫ4 in A, and P Ͻ 10 Ϫ4 in C), followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). We performed a paired t-test in B. The mean initial pHi for "CA IV" oocytes was 7.38 Ϯ 0.024 (n ϭ 26) and for "H2O" oocytes was 7.28 Ϯ 0.025 (n ϭ 19; one-way ANOVA, P ϭ 0.001).
Effect of Extracellular ACZ on Injected CA II
for the "CA II" oocytes are indistinguishable from their counterparts in Fig. 10 in the first paper in the series (18) . Thus, the injected CA II is active. If ACZ, as described in the next two paragraphs, has no effect on (dpH i /dt) max and ⌬pH S in these CA II oocytes, then the results would argue strongly that the effect of ACZ on CA IV oocytes (Fig. 3A) is exclusively an extracellular effect.
pH i changes. Extracellular ACZ does not change the initial rates of pH i decrease (or increase) caused by CO 2 addition (or removal) in the "CA II" oocyte ( Fig. 5 left vs. right side, lower record). The four bars in Fig. 6A summarize results from a larger series of experiments such as that in Fig. 5 (lower record). ACZ does not affect the (dpH i /dt) max (negative or positive direction) of "CA II" oocytes. Figure 6B shows that ACZ had no effect on the decrease in steady-state pH i caused by applying CO 2 /HCO 3 Ϫ . pH S changes. The upper record in Fig. 5A shows that ACZ does not affect the pH S spike as we added or removed extracellular CO 2 (Fig. 5A left vs. right side, upper record). Figure  6C shows that ACZ does not affect the CO 2 -induced ⌬pH S in CA II oocytes.
Thus, because ACZ affects neither (dpH i /dt) max nor ⌬pH S in CA II oocytes, we can conclude that the ACZ effect in CA IV oocytes is due only to inhibition of the extracellular enzyme.
Effect of Injected ACZ on Expressed CA IV
The results in Fig. 5 and Fig. 6 , A-C, show that ACZ added to the extracellular solution does not block cytosolic CA II, allowing us to rule out the hypothesis that ACZ in Figs. 3 and 4 enters the cell and blocks the equivalent of cytosol-accessible CA IV activity. Thus, CA IV on the outer surface of the cell is necessary for the pH i and pH S effects that we observed in "CA IV" oocytes subjected to our CO 2 protocol. To address the question of whether extracellular CA IV is sufficient, we examined the effect of injecting ACZ into oocytes expressing CA IV, with the aim of blocking any CA IV with access to the cytosol. Our protocol was to 1) monitor pH i and pH S while applying and withdrawing 5% CO 2 /33 mM HCO 3 Ϫ (identical to the left side of Fig. 3 , except for the CO 2 /HCO 3 Ϫ levels), 2) remove the oocyte from the chamber to inject ACZ, and 3) repeat the assay (i.e., apply and withdraw 5% CO 2 /33 mM HCO 3 Ϫ ). Figure 7 , A-C, summarizes results from a series of experiments in which we inject ACZ into "CA IV" oocytes, which we then expose to 5% CO 2 /33 mM HCO 3 Ϫ . pH i changes. Figure 7A shows that, in "CA IV" oocytes, injected ACZ markedly reduces (dpH i /dt) max to a mean value that is not significantly different from that of daymatched "H 2 O" oocytes, whether injected with ACZ or not. As a positive control, we tested the effect of injecting ACZ Table 1 in the first paper in this series; ref. 18 ). Both solutions were supplemented, as indicated, with 600 M ACZ. Control experiments (not shown) on "CA IV" oocytes showed that a second pulse of CO2/HCO 3 Ϫ , in the absence of ACZ, produced pHi and pHS transients that were indistinguishable from the first pulse (n ϭ 4). In both A and B, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was withdrawn to the BECF for calibration. The dashed black lines through the initial portions of the pHi records for CO2 application and removal represent best linear fits for maximal rates of pHi change (negative or positive direction). The downward vertical arrows represent CO2-induced changes in steady-state pHi. The upward and downward vertical arrows near the pHS records represent maximal CO2-induced changes in pHS (positive or negative direction).
into day-matched oocytes that had previously been injected with recombinant human CA II protein. As expected, the injected ACZ significantly reduces (dpH i /dt) max of these "CA II" oocytes to a mean value that is not significantly different from that of "H 2 O" oocytes, whether injected with ACZ or not. Figure 7B shows that for "CA IV", "H 2 O", or "CA II" oocytes, the injected ACZ has no effect on the decrease in steady-state pH i caused by applying CO 2 /HCO 3 Ϫ . pH S changes. Figure 7C shows that, in "CA IV" oocytes, injected ACZ markedly reduces the CO 2 -induced ⌬pH S , but to a mean value that is still substantially greater than that of H 2 O-injected oocytes, whether injected with ACZ or not. In the positive control experiment on "CA II" oocytes, we see that injected ACZ reduces ⌬pH S to a value that is not significantly different from those of H 2 O-injected oocytes, whether injected with ACZ or not. This result with the "CA II" oocytes is consistent with those in Figs. 4 and 5 in the first paper in this series (18) , in which we blocked cytosolic CA II by incubating the oocytes in ethoxzolamide (EZA).
Taken together, the results summarized in Fig. 4 ("CA IV" oocytes exposed to extracellular ACZ), Fig. 6 , A-C ("CA II" Fig. 4 . Summary of the effects of extracellular ACZ on pHi and pHS. This figure summarizes data relating to CO2 addition and removal from a larger number of experiments, such as those in Fig. 3 , on oocytes expressing CA IV or injected with H2O. After the first assay, during which we switched the extracellular solution from ND96 to 1.5% CO2/10 mM HCO 3 Ϫ and then back again, in the absence of ACZ (ϪACZ), we exposed the same oocyte to 600 M ACZ and then repeated the assay (ϩACZ). A: maximal rates of pHi change (negative or positive direction) produced by the extracellular solution switch. B: changes in steady-state pHi produced by the switch to CO2/HCO 3 Ϫ . C: maximal changes in pHS (positive or negative direction) produced by the extracellular solution switch. Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P ϭ 0.0005 in A, P ϭ 0.06 in B, and P Ͻ 10 Ϫ4 in C), followed by a StudentNewman-Keuls (SNK) analysis (P shown for individual comparisons). The mean initial pHi for "CA IV" oocytes was 7.37 Ϯ 0.02 (n ϭ 8) and for "H2O" oocytes was 7.25 Ϯ 0.025 (n ϭ 6; one-way ANOVA, P ϭ 0.046). Table 1 in the first paper in this series; ref. 18 ). Both solutions were supplemented, as indicated, with 600 M ACZ. The solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was withdrawn to the BECF for calibration. The dashed black lines through the initial portions of the pHi records for CO2 application and removal represent best linear fits for maximal rates of pHi change (negative or positive direction). The downward vertical arrows represent CO2-induced changes in steady-state pHi. The upward and downward vertical arrows near the pHS records represent maximal CO2-induced changes in pHS (positive or negative direction).
oocytes exposed to extracellular ACZ), and Fig. 7 , A-C ("CA IV" oocytes injected with ACZ) suggest that the maximal effects of CA IV on both pH i and pH S require CA IV activity both on the extracellular surface of the oocyte and in the equivalent of a cytosol-accessible compartment, as examined in the DISCUSSION in the section titled Effect of CA IV and Extracellular CA II on CO 2 Fluxes/CA IV.
Not shown are sham experiments on CA IV oocytes (N ϭ 2, as in Fig. 3A ), H 2 O oocytes (N ϭ 1, as in Fig. 3B ), and CA II oocytes (N ϭ 2, as in Fig. 5 ), in which we employed the same protocol as in Figs. 3 and 5 but omitted the ACZ. In the case of the CA II oocytes, on the same day we independently verified blockade of the injected CA II by incubation in EZA, as outlined in the first paper in this series (18) . In these sham experiments, we saw no obvious difference, in either the pH i or pH S records, between first and second exposures to CO 2 / HCO 3 Ϫ . Thus, the differences between ϪACZ and ϩACZ values in Figs. 4 and 6 are due to ACZ and not the time course of the experiment.
Analysis of Time Constants for pH i and pH S Changes
For the experiments such as shown in Fig. 1 and summarized in Fig. 2 , we used a nonlinear least-squares approach to obtain the best-fit parameters for a single-exponential function, 4 both for the fall (rise) in pH i induced by CO 2 addition (removal) and the decay of pH S from its maximum (minimum) value induced by CO 2 addition (removal). The patterns of values for pH i ( pH i ) and pH S ( pH S ) in the present experiments comparing "CA IV" vs. "H 2 O" oocytes ( Fig. 8 ) are similar to those for "CA II" vs. "Tris" oocytes ( 
CA IV vs. H 2 O.
In the first paper (18), the added CA II was "cis" to the pH i electrode but "trans" to the pH S electrode, whereas in the present paper, the added CA IV-apparently present both on the cell surface and in the equivalent of a cytosol-accessible compartment-is both "cis" and "trans" to both electrodes. If this assessment is correct, then, in "CA IV" oocytes, neither (dpH i /dt) max by itself nor ⌬pH S by itself allows us to draw an intuitive conclusion about the effect of the enzyme on CO 2 fluxes. On the other hand, we can draw intuitive conclusions from the pH i and pH S data. We have already seen that the magnitude of the CO 2 -induced ⌬pH i is only ϳ20% greater for the "CA IV" than for the "H 2 O" oocytes ( Fig. 2B ), 2 and that ␤ I is the same for the two groups of oocytes. Thus, we can conclude the total number of CO 2 molecules crossing the cell membrane must be only ϳ20% greater for the "CA IV" oocytes. Therefore, if the maximal rate of CO 2 entry were the same in "CA IV" and "H 2 O" oocytes, CO 2 entry should come to completion over a somewhat longer time period in the "CA IV" oocytes. However, in Fig. 8 we see that both pH i and pH S in "CA IV" oocytes are always substantially smaller (i.e., faster) than their counterparts in "H 2 O" oocytes. In other words, the time needed for CO 2 to enter the cell and equilibrate across the membrane is shorter, not longer, in the "CA IV" oocytes. Thus, from the data we can conclude that the expression of CA IV must increase the maximal CO 2 influx and efflux in oocytes.
CO 2 addition vs. CO 2 removal. Consistent with the data of the first paper in this series (18) , the values for both pH i and pH S were almost invariably smaller (faster)-oocyte by oocyte-for CO 2 addition than for CO 2 removal, both for "CA IV" oocytes (compare bars 1 vs. 3 and 2 vs. 4 in Fig. 8 ) and for "H 2 O" oocytes (compare bars 5 vs. 7 and 6 vs. 8 in Fig. 8 ). In the DISCUSSION, we will examine these issues in the context of the mathematical model. pH i vs. pH S . Consistent with the trend in the first paper in this series (18) , and as discussed in that paper in the context of 4 Our algorithm generally produced excellent single-exponential fits, although sometimes we were unsuccessful because 1) the magnitude of the ⌬pHS was too small in a H2O oocyte, yielding an inadequate signal-to-noise ratio; 2) we had an insufficient number of points to fit either because of an electricalnoise transient, because we moved the pHS electrode away from the cell surface for calibration, or because the experiment terminated prematurely. We obtained a full set of four fits (i.e., pHi and pHS both for CO2 application and CO2 removal) for 17 CA IV and 8 H2O experiments. . After the first assay, during which we switched the extracellular solution from ND96 to 5% CO2/33 mM HCO 3 Ϫ and then back again, in the absence of ACZ (ϪACZ), we exposed the same oocyte to 600 M ACZ and then repeated the assay (ϩACZ). A: maximal rates of pHi change (negative or positive direction) produced by the extracellular solution switch. B: changes in steady-state pHi produced by the switch to CO2/HCO 3 Ϫ . C: maximal changes in pHS (positive or negative direction) produced by the extracellular solution switch. Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P ϭ 0.0008 in A and P ϭ 0.004 in C), followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). We performed a paired t-test in B. The average initial pHi for "CA II" oocytes in the CO2/HCO 3 Ϫ -free ND96 solution was 7.27 Ϯ 0.02 (n ϭ 6), which is not significantly different from the value reported for "CA II" oocytes in the first paper (18) in this series (7.21 Ϯ 0.05, n ϭ 16; P ϭ 0.52, unpaired t-test).
depth of pH i electrode impalement, we find that the values for the pH S transients are consistently smaller (faster) than those for the corresponding pH i transients, both for "CA IV" oocytes (compare bars 1 vs. 2 and 3 vs. 4 in Fig. 8) , and "H 2 O" oocytes (compare bars 5 vs. 6 and 7 vs. 8 in Fig. 8 ).
Analysis of Time Delay for pH i Changes
As was the case for "CA II" and "Tris" oocytes in the first paper in this series (18), here we find, both for "CA IV" oocytes and for "H 2 O" oocytes, that the initiation of the pH S spike precedes the initiation of the pH i change-oocyte by oocyte-with both the application and removal of CO 2 (Table 1) . These delays, which we considered in the DISCUSSION of the first paper (18) , are not significantly different between "CA IV" and "H 2 O" oocytes, or from the comparable values for "CA II" or "Tris" oocytes in the first paper (P ϭ 0.22 based on an ANOVA).
Effect of Increasing Extracellular CO 2 /HCO 3 Ϫ Levels
In the first paper in this series (18), we examined the effect of increasing the level of extracellular CO 2 /HCO 3 Ϫ , from 1.5%/10 mM, to 5%/33 mM, to 10%/66 mM (same [CO 2 ]/[HCO 3 Ϫ ] ratio to fix pH o at 7.50), in both "CA II" and "Tris" oocytes. Figure 9 shows comparable experiments for a "CA IV" oocyte ( Fig. 9A) , and an "H 2 O" oocyte ( Fig. 9B) . Figure 10 summarizes a larger series of experiments similar to those in Fig. 9 . pH i changes. Comparing exposures to 1.5% vs. 5% vs. 10% CO 2 , in the ratios 1/ϳ3.3/ϳ6.6, either for "CA IV" or for "H 2 O" oocytes, we see that graded increases in [CO 2 ] o cause the acidification rate [i.e., (dpH i /dt) max ] to increase in the ratios 1/ϳ1.7/ϳ2.5 for "CA IV" oocytes, and in the ratios (i.e., 1/ϳ2.4/ϳ3.4) for "H 2 O" oocytes ( Fig. 10A , white numerals). The ratios for "H 2 O" oocytes here are virtually the same as that for "Tris" oocytes in the first paper in this series (18) . However, the ratios for "CA IV" oocytes here are somewhat smaller than for "CA II" oocytes in the first paper (18), particularly for 10% CO 2 (ϳ2.5 vs. ϳ3.5).
A comparison of "CA IV" vs. "H 2 O" oocytes at a given CO 2 level, consistent with the data in Fig. 2A , reveals that the initial (dpH i /dt) max is significantly greater in "CA IV" oocytes ( Fig.  10A ). As noted in our discussion of 1.5%-CO 2 data in Fig. 2B , CA IV increases the magnitude of ⌬pH i at all CO 2 levels (Fig.  10B) . 5 As in the first paper in this series (18) , the computed 5 The mean initial pHi value in the CO2/HCO 3 Ϫ -free ND96 solution for "CA IV" oocytes in this series of experiments (7.39 Ϯ 0.04, n ϭ 15 measurements before the application of CO2, 3 measurements on each of 5 oocytes) was significantly higher than for "H2O" oocytes (7.23 Ϯ 0.05, n ϭ 15 measurements on 5 oocytes; paired t-test, CA IV vs. H2O, P ϭ 0.009). This higher initial pHi should in principle have led to slightly higher values of (dpHi/dt)max and ⌬pHi for "CA IV" vs. "H2O" oocytes, ranging from predicted increases of ϳ28% for 1.5% CO2 down to ϳ16% for 10% CO2. Indeed, we did observe
(7)
"CA IV" . Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P Ͻ 10 Ϫ4 in A, P ϭ 0.004 in B, and P Ͻ 10 Ϫ4 in C), followed by a StudentNewman-Keuls (SNK) analysis (P shown for individual comparisons). The average initial pHi in the CO2/HCO 3 Ϫ -free ND96 solution was 7.39 Ϯ 0.01 (n ϭ 7) for "CA IV" oocytes, 7.21 Ϯ 0.01 (n ϭ 4) for "H2O" oocytes, and 7.24 Ϯ 0.03 (n ϭ 5) for "CA II" oocytes.
intrinsic intracellular buffering powers (Table 2) are indistinguishable among the various CA IV and H 2 O conditions in this paper, and are indistinguishable from the comparable data for "CA II" and "Tris" oocytes in the first paper (18) (P ϭ 0.96 based on an ANOVA).
Comparing exposures for 1.5% vs. 5% vs. 10% CO 2 , either for "CA IV" or for "H 2 O" oocytes, the values for pH i are indistinguishable, with the CA IV values being smaller (faster) than the H 2 O values (Fig. 11) .
pH S changes. Comparing 1.5% vs. 5% vs. 10% CO 2 , either for "CA IV" or "H 2 O" oocytes, we see that graded increases in [CO 2 ] o (in the ratios 1/ϳ3.3/ϳ6.6) cause ⌬pH S to rise in the ratios 1/ϳ1.7/ϳ2.1 for "CA IV" oocytes and 1/1.6/2.4 for "H 2 O" oocytes (Fig. 10C, white numerals) . These ratios are similar to those for "CA II" and "Tris" oocytes in the first paper in this series (18) . As expected, the actual ⌬pH S values for the "H 2 O" oocytes (this paper) are virtually identical to those for the "Tris" oocytes (first paper; ref. 18 ). However, the ⌬pH S values for the "CA IV" oocytes are extremely large (e.g., ϳ3-fold greater than those for the "CA II" oocytes in the first paper; ref. 18) , averaging ϳ0.55 at 10% CO 2 , reflecting the combination of a higher CA activity at the extracellular surface of the cell and a higher [CO 2 ] in the BECF. Nevertheless, the limited speed with which we can change extracellular solutions, and the limited response of the pH S electrode, probably limits the ⌬pH S values that we can record.
Comparing "CA IV" vs. "H 2 O" oocytes at a given CO 2 level, we see that ⌬pH S is significantly greater in "CA IV" than in "H 2 O" oocytes, consistent with the 1.5%-CO 2 data presented above in Fig. 2C .
Comparing exposures 1.5% vs. 5% vs. 10% CO 2 , either for "CA IV" or "H 2 O" oocytes, the values for pH S are all the same, with the CA IV values being smaller (faster) than the H 2 O values (Fig. 11) .
In the DISCUSSION, we will see that the mathematical model accounts for the general features revealed in these electrophysiological studies.
Effect of Increasing Extracellular HEPES Levels
In their experiments on planar lipid bilayers, Gutknecht et al. (15) found that adding 50 mM HEPES increased the flux of 14 CO 2 (in a solution with 5% unlabeled CO 2 ), but only in the presence of bovine CA II (2 mg/ml). Conversely, adding bovine CA II increased the flux of 14 CO 2 , but only in the presence of HEPES (50 mM). To our knowledge, the interaction of CA II and non-CO 2 /HCO 3 Ϫ buffers has not been extended to living cells, which we have now done by exploiting pH i and pH S measurements. In the next four figures (Figs. 12-15), we examine the effect of altering the extracellular HEPES concentration ([HEPES] o ) on the response to 1.5% CO 2 in oocytes: 1) expressing CA IV, 2) injected with H 2 O (controls), 3) expressing CA IV and exposed to bovine CA II in the BECF, or 4) injected with H 2 O (controls) and exposed to extracellular bovine CA II. In the two figures that follow (Figs. 16 and 17), we also examine the effect of altering [HEPES] o on the response to 10% CO 2 on oocytes: 5) expressing CA IV vs. those 6) injected with H 2 O. significantly higher ⌬pHi values for "CA IV" vs. "H2O" oocytes. However, the observed (dpHi/dt)max differences between "CA IV" and "H2O" oocytes (ϳ3-to ϳ4-fold) are much greater than the differences predicted on the basis of initial pHi and the law of mass action. We performed a one-way ANOVA (overall P value: P Ͻ 10 Ϫ4 ) followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). Initiation of pHS spike to initiation of pHi change* 10.9 Ϯ 2.6 (10) 15.7 Ϯ 2.3 (10) 10.1 Ϯ 1.8 (6) 14.6 Ϯ 1.8 (6) Values are means Ϯ SE (no. of experiments) and represent the delay between initiation of surface-pH (pHS) spike and initiation of corresponding intracellular-pH (pHi) change (i.e., the time between the two vertical blue, dashed lines in Fig. 1A ). *Differences among values in this row are not significant based on an ANOVA (P ϭ 0.24). CA IV, carbonic anhydrase IV. Figure 12A shows an experiment in which we sequentially pulse the same "CA IV" oocyte with CO 2 /HCO 3 Ϫ solutions containing 1 mM, 5 mM, or 25 mM HEPES. The bars in Fig. 13 , A-D, summarize that data for a larger number of experiments. Figure 13A shows that increasing [HEPES] o does not significantly increase the magnitude of (dpH i /dt) max , based on an one-way ANOVA. Figure 13B shows that increases in [HEPES] o do not influence ⌬pH i . 6 However, Figure 13C shows that, as anticipated, a rising [HEPES] o , presumably by raising extracellular buffering power, causes graded decreases in ⌬pH S . The salient feature of Fig. 13 , A-D, is Fig. 13D , which shows that as we raise [HEPES] o , the trend is to lower the for the decay of pH S from its peak. Indeed, a one-way ANOVA indicates a statistically significant difference, and the Spearman's rank correlation coefficient (Spearman's ) is Ϫ0.70 (P ϭ 0.0078), indicating a large correlation between the rising [HEPES] o and the falling pH S .
1.5% CO 2 in oocytes expressing CA IV.
Because the post-spike decay in pH S reflects the decay in CO 2 6 The mean initial pHi value in the CO2/HCO 3 Ϫ -free ND96 solution for "CA IV" oocytes in this series of experiments (7.46 Ϯ 0.04, n ϭ 19 measurements before the application of CO2, 3 measurements on each of 7 oocytes, less 2 pHi records that we could not fit for 1 mM HEPES) was significantly higher than for "H2O" oocytes (7.21 Ϯ 0.03, n ϭ 24 measurements on 8 oocytes). This higher initial pHi should in principle have led to somewhat higher values of (dpHi/dt)max and ⌬pHi, (ϳ45%). Indeed, we observed significantly higher ⌬pHi values for "CA IV" vs. "H2O" oocytes (overall ANOVA, P Ͻ 0.0001). Note that the observed (dpHi/dt)max differences between "CA IV" and "H2O" oocytes (ϳ4-fold) are much greater than the ϳ45% differences predicted on the basis of initial pHi and the law of mass action. Ϫ (left), or 2) ND96 to 5% CO2/33 mM HCO 3 Ϫ (center), or 3) ND96 to 10% CO2/66 mM HCO 3 Ϫ (right). After the first two CO2/HCO 3 Ϫ exposures, we restored the ND96 solution (not shown). For both oocytes, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was moved to the BECF for calibration. The dashed black lines through the initial portions of the pHi records for CO2 application represent best linear fits for maximal rates of pHi change (negative direction). The downward vertical arrows represent CO2-induced changes in steady-state pHi. The upward vertical arrows represent the maximal excursion of pHS (positive direction). entry across the plasma membrane, a smaller pH S reflects a faster CO 2 influx. Thus, Fig. 13D implies that, in the presence of CA IV, extracellular HEPES promotes CO 2 influx. The likely reason that the (dpH i /dt) max data of Fig. 13A does not reveal this difference is that, as discussed in the first paper in this series (18) , such pH i data reflects events occurring many tens of micrometers beneath the plasma membrane, and thus are not as sensitive as indices of events at the plasma membrane as are pH S data. In summary, our data for pH S obtained with 1.5% CO 2 in CA IV oocytes reveal a buffer effect similar to that predicted by Gutknecht et al. (15) , except that we worked with CA IV in this series of experiments, whereas they worked with CA II in the bulk phase of the solution.
1.5% CO 2 in H 2 O-injected oocytes. The protocol for the experiment in Fig. 12B is identical to Fig. 12A , except that the oocytes are injected with H 2 O. Figure 13E shows that raising [HEPES] o does not increase the extremely small magnitude of (dpH i /dt) max , based on a one-way ANOVA. As expected, 1.5% CO 2 in oocytes expressing CA IV and exposed to extracellular bovine CA II. The protocol in Fig. 14A is the same as in Fig. 12A , except for the presence of bovine CA II (0.1 mg/ml) in the extracellular (ex) fluid. Figure 15A summarizes the data from experiments such as those in Fig. 14A . A one-way ANOVA indicates a significant difference among the data, and the Spearman's rank-order coefficient indicates a large correlation between the rising [HEPES] o and rising magnitude of (dpH i /dt) max (Spearman's ϭ ϩ0.62, P ϭ 0.0128). As in other protocols, raising [HEPES] o does not affect ⌬pH i (Fig. 15B) 7 but predictably lowers ⌬pH S (Fig. 15C) . Finally, 7 The mean initial pHi value in the CO2/HCO 3 Ϫ -free ND96 solution for "CA IV ϩ exCA II" oocytes in this series of experiments (7.51 Ϯ 0.03, n ϭ 16 measurements before the application of CO2, 3 measurements on each of 6 oocytes, less 1 pHi record each that we could not fit for 1 mM and 5 mM HEPES) was significantly higher than for "H2O ϩ exCA II" oocytes (7.32 Ϯ 0.01, n ϭ 18 measurements on 7 oocytes, less 1 pHi record that we could not fit for 1 mM HEPES and 2 pHi records that we could not fit for 5 mM HEPES). This higher initial pHi should in principle have led to somewhat higher values of (dpHi/dt)max Ϫ . Values are means Ϯ SE, with nos. of oocytes in parentheses. The white numerals are the ratios of mean values, relative to the value at 1.5% CO2. We performed a one-way ANOVA (overall P values: P Ͻ 10 Ϫ4 in A, in B, and in C) followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). For all experiments, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. consistent with Fig. 15A, Fig. 15D shows a Fig.  15 , A and D, are far stronger than in Fig. 13 , A and D (where no CA II was present in the extracellular fluid). Summarizing  Fig. 15 , A-D, we see that both our (dpH i /dt) max and pH S data obtained with 1.5% CO 2 in "CA IV ϩ exCA II" oocytesmore so than the data obtained in the absence of exCA II-reveal a buffer effect similar to that predicted by Gutknecht et al. (15) , who worked only with CA II in the bulk phase of the solution.
1.5% CO 2 in H 2 O-injected oocytes exposed to extracellular bovine CA II. The protocol in Fig. 14B is identical to that in Fig. 12B , except for the presence of bovine CA II (0.1 mg/ml) in the extracellular fluid. Figure 15E shows a large correlation between the rising [HEPES] o and rising magnitude of (dpH i / dt) max (Spearman's ϭ ϩ0.58, P ϭ 0.0030). As in the other protocols, increases in [HEPES] o do not influence ⌬pH i (Fig.  15F ) but do cause graded decreases in pH S (Fig. 15G) . Finally, Fig. 15H , consistent with the observations in Fig. 15E, Note that (dpH i /dt) max values for CA IV ϩ extracellular CA II (Fig. 15A ) trend higher as we raise [HEPES] o than for CA IV alone (Fig. 13A) . The same is true for H 2 O-injected oocytes ϩ extracellular CA II (Fig. 15E) vs. H 2 O-injected oocytes (Fig.  13E) .
10% CO 2 in oocytes expressing CA IV. The protocol in Fig. 16A is the same as in Fig. 12A , except for our use of 10% CO 2 /66 mM HCO 3 Ϫ vs. 1.5% CO 2 /10 mM HCO 3 Ϫ . Figure 17A shows a large correlation between the rising [HEPES] o and rising (dpH i /dt) max magnitude (Spearman's ϭ ϩ0.77, P ϭ 0.0036). Again, raising [HEPES] o does not affect ⌬pH i (Fig.   and ⌬pHi, (ϳ30%) . Indeed, we observed significantly higher ⌬pHi values for "CA IV ϩ exCA II" vs. "H2O ϩ exCA II" oocytes (overall ANOVA, P Ͻ 0.0001). Note that the observed (dpHi/dt)max differences between "CA IV ϩ exCA II" vs. "H2O ϩ exCA II" oocytes (ϳ86%, ϳ160%, and ϳ87% for 1 vs. 5 vs. 25 mM [HEPES]o, respectively) are much greater than the ϳ30% differences predicted on the basis of initial pHi and the law of mass action. Values are means Ϯ SE (no. of experiments). *We computed ␤ from the change in steady-state pHi caused by the addition of CO2/HCO 3 Ϫ , both in "CA IV" and in "H2O" oocytes. Differences among values in these rows are not significant based on an ANOVA (P ϭ 0.94). 17B) but does decrease pH S (Fig. 17C ).
8 Figure 17D shows a large correlation between the rising [HEPES] o and falling pH S (Spearman's ϭ Ϫ0.62, P ϭ 0.044).
It is instructive to compare the (dpH i /dt) max and pH S data on "CA IV" oocytes exposed to 10% CO 2 (Fig. 17, A and D) with comparable data on "CA IV" oocytes exposed instead to 1.5% CO 2 (Fig. 13, A and D) Fig. 12B , except that here we used 10% rather than 1.5% CO 2 . Figure 17E reveals no significant differences in (dpH i /dt) max . As elsewhere, increases in [HEPES] o have no effect on ⌬pH i (Fig. 17F ) but do cause graded decreases in ⌬pH S (Fig. 17G) . The striking result is in Fig. 17H , which shows a large correlation between the rising [HEPES] o and falling pH S (Spearman's ϭ Ϫ0.68, P ϭ 0.0138), implying 8 The mean initial pHi value in the CO2/HCO 3 Ϫ -free ND96 solution for "CA IV" oocytes in this series of experiments (7.53 Ϯ 0.03, n ϭ 15 measurements before the application of CO2, 3 measurements on each of 5 oocytes) was significantly higher than for H2O (7.29 Ϯ 0.04, n ϭ 19 measurements on 7 oocytes, less 1 pHi record that we could not fit for 25 mM HEPES). This higher initial pHi should in principle have led to somewhat higher values of (dpHi/dt)max and ⌬pHi, (ϳ40%). Indeed, we observed significantly higher ⌬pHi values for "CA IV" vs. "H2O" oocytes (overall ANOVA, P ϭ 0.0003). Note that the observed (dpHi/dt)max differences between "CA IV" vs. "H2O" oocytes (ϳ40%, ϳ115%, and ϳ140% for 1 vs. 5 vs. 25 mM [HEPES]o, respectively). Thus, at 1 mM HEPES, the effect of CA IV on (dpHi/dt)max was no more than predicted on the basis of initial pHi and the law of mass action, whereas for the higher levels of HEPES, CA IV had a substantially greater effect. Table 1 in the first paper in this series; ref. 18). After the first two CO2/HCO 3 Ϫ exposures, we restored the ND96 solution (not shown). For both oocytes, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was moved to the BECF for calibration. The dashed black lines through the initial portions of the pHi records for CO2 application represent best linear fits for maximal rates of pHi change (negative direction). The downward vertical arrows represent the CO2-induced change in steady-state pHi. The upward vertical arrows represent the maximal excursion of pHS (positive direction).
BECF
that even in the absence of added extracellular CA, graded increases in [HEPES] o can promote graded increases in CO 2 influx, provided that [CO 2 ] o is sufficiently high. To a first approximation or the equivalent, these data appear to be contrary to the observations of Gutknecht et al. (15) .
Note that the pH S values for H 2 O-injected oocytes (Fig.  17H) are substantially larger (i.e., slower) than those for comparable "CA IV" oocytes (Fig. 17D) .
Experiments With Dual pH S Microelectrodes
Recall that pH i is consistently larger (slower) than pH S (see Figs. 8 and 11 as well as Fig. 6 in the first paper; ref. 18 ). We hypothesized that one reason for this difference could be an asymmetric rise in [CO 2 ] o over the surface of the oocyte. To test this idea, we performed experiments in which we positioned two pH S electrodes (electrodes no. 1 and no. 2 in the inset of Fig. 18 ) on the surface of the oocyte. Note that we did not obtain pH i records in these experiments.
After impaling the oocyte with the V m electrode, we use an ultrafine computer-controlled micromanipulator to move the flat tip of pH S electrode no. 1, as we typically do with the lone pH S electrode in a standard experiment, until it just touches the surface at the oocyte meridian perpendicular to the axis of flow, slightly in the shadow of the flowing extracellular solution (for more information, see insets of Fig. 1 in the first paper; ref. 18 ). We then further advance the electrode until we observe a slight dimple in the membrane (ϳ40 m). We mount pH S electrode no. 2 on a manual manipulator, which holds the pH i electrode in a standard experiment, and position electrode no. 2, at the back of the oocyte (i.e., downstream from the direction of flow), and produce a similar dimple. Finally, we expose a "CA IV" oocyte (Fig. 18A) or an "H 2 O" oocyte (Fig. 18B) to a solution containing 5%
(5) (7)
(5) 
P=0.6 P=0.9
P=0.004 . Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P Ͻ 10 Ϫ4 for A with E, B with F, and C with G, and P ϭ 0.0009 for D with H) followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). For all experiments, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. CO 2 /33 mM HCO 3 Ϫ . Figure 18 , C-E, summarizes the data from five such experiments on each type of oocyte.
The first difference between data collected by electrode no. 1 vs. no. 2 is that the time to peak 9 for pH S is longer for the "back" electrode no. 2 than no. 1 (Fig. 18C) . This is true both for "CA IV" oocytes and for "H 2 O" oocytes, although the difference is more obvious in CA IV experiments (Fig. 18A) , where the pH S peak is sharper. Second, the mean ⌬pH S is slightly less with the "back" electrode no. 2 than no. 1 for "CA IV" oocytes (Fig. 18D) . Third, the summary of time constants for pH S changes shows that, during 9 Time to peak is the time difference between the initiation of the CO2-induced upswing in pHS and the peak of the pHS spike. Table 1 in the first paper in this series; ref. 18). After the first two CO2/HCO 3 Ϫ exposures, we restored the ND96 solution (not shown). For both oocytes, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was moved to the BECF for calibration. The dashed black lines through the initial portions of the pHi records for CO2 application represent best linear fits for maximal rates of pHi change (negative direction). The downward vertical arrows represent the CO2-induced change in steady-state pHi. The upward vertical arrows represent the maximal excursion of pHS (positive direction). CO 2 influx, the pH S both for "CA IV" oocytes and for "H 2 O" oocytes, is substantially greater for the "back" electrode no. 2 than for no. 1 in (Fig. 18C) .
In summary, the pH S record from electrode no. 2 (at the back of the oocyte) has, compared with electrode no. 1, a delayed rise to peak, a slightly depressed peak, and a larger (slower) time constant. These differences suggest to us that [CO 2 ] o rises more slowly at the position of the "back" no. 2 electrode.
DISCUSSION
Virtually every cellular process, inside the cell, and on the inner and outer surfaces of the plasma membrane, is sensitive to changes in pH (4, 6, 13) . In this and the first paper in this series (18), we focus primarily on pH on the extracellular surface of the cell. Understanding such pH S changes is important because the extracellular surface of the cell is the site of critical enzymatic reactions (e.g., angiotensin-converting enzyme and other peptidases, brush-border oligosaccharidases), the extracellular matrix, the binding of extracellular ligands (e.g., EGF to EGFR), and the extracellular surfaces of channels, transporters, and structural proteins, all of which are potentially sensitive to changes in pH S . In addition, pH S transients could be sensitive tools in assays of extracellular CA activity. Moreover, the lessons learned regarding pH changes at the outer membrane surface may provide insight into comparable changes occurring on the intracellular surface of the cell membrane.
Effect of CA IV and Extracellular CA II on CO 2 Fluxes
Intracellular CA II. In the first paper in this series (18), we found that intracellular CA II enhances both the influx and efflux of CO 2 . Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P Ͻ 10 Ϫ4 for A with E, B with F, C with G, and D with H) followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). For all experiments, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms.
(speeds) pH i , and 3) reduces (speeds) pH S . If we can make the simplifying assumption that pH i and pH S reflect the time required for CO 2 to equilibrate throughout the oocyte system, then, because the same net number of CO 2 molecules enter or exit the cell with or without CA II, smaller (faster) pH i and pH S values reflect higher average CO 2 fluxes.
Although CA II also increases the magnitude of (dpH i /dt) max (recorded by the electrode "cis" to added enzyme), we cannot use (dpH i /dt) max to reach intuitive conclusions about the effect of CA II on CO 2 fluxes, because during influx, for example, CA II catalyzes the reaction (i.e., CO 2 ϩ H 2 O ¡ HCO 3 Ϫ ϩ H ϩ ) that produces the intracellular protons that the pH i electrode measures.
CA IV. In the present paper, we similarly conclude that CA IV enhances both the influx and efflux of CO 2 . We can reach this conclusion intuitively on the basis of the observations that expression of CA IV reduces (speeds) for 1) the change in pH i , both for CO 2 influx and efflux (Fig. 8, pH i bars) and 2) the relaxation of pH S , both for CO 2 influx and efflux (Fig. 8, pH S bars) .
Note that we did not use as an intuitive argument the observations that CA IV markedly increases the magnitudes of (dpH i /dt) max because we find that injecting ACZ into oocytes expressing CA IV (Fig. 7A-C) greatly reduces-though it does not eliminate-the stimulatory effect of CA IV on both (dpH i / dt) max and ⌬pH S , consistent with the notion that the expression Table 1 in the first paper in this series; ref. 18). After the first two CO2/HCO 3 Ϫ exposures, we restored the ND96 solution (not shown). For both oocytes, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. The vertical gray bands represent periods during which the pHS electrode was moved to the BECF for calibration. The dashed black lines through the initial portions of the pHi records for CO2 application represent best linear fits for maximal rates of pHi change (negative direction). The downward vertical arrows represent the CO2-induced change in steady-state pHi. The upward vertical arrows represent the maximal excursion of pHS (positive direction).
of CA IV causes an increase in effective cytosolic CA activity. Because both the pH i and pH S electrodes are both "cis" and "trans" to both pools of CA IV, we cannot use (dpH i /dt) max or ⌬pH S to reach intuitive conclusions about the effects of CA IV on CO 2 fluxes.
The mechanism by which CA IV expression enhances CO 2 fluxes appears to be analogous to that outlined above for CA II. CA IV at the extracellular surface maximizes the transmembrane CO 2 3 Ϫ ϩ H ϩ ). Moreover, the equivalent of cytosol-accessible CA IV acts like CA II in promoting the opposite reactions in the cytosol, and likewise enhances transmembrane CO 2 gradients. Indeed, our data in Figs. 1-7 show that CA activity, both on the extracellular surface and in the cytosol, are necessary for the maximal effects of CA IV. In the third paper in this series (21), we show that our mathematical model cannot approximate our physiological data for "CA IV" oocytes, that is, larger magnitudes for (dpH i /dt) max and ⌬pH S vs. "H 2 O" oocytes, only by increasing the CA activity on the extracellular surface. Instead, we find that, in addition to increasing the model's extracellularsurface CA activity by a large amount, we must also increase the cytosolic CA activity by a small amount. The third paper (21) also will show that the effects of simultaneously implementing CA activity on the extracellular surface of the cell and in the cytosol are supra-additive on both (dpH i /dt) max and ⌬pH S and thus account for the effects of ACZ in Figs. 3-7 .
Schneider et al. (26) recently reported that, in oocytes expressing CA IV, the majority of the CA IV is in an intracellular compartment. The preliminary immunohistochemistry work of Nakhoul et al. (20) also demonstrates that heterologously expressed CA IV is present both near the plasma membrane and intracellular vesicles. Indeed, our data in Fig. 7 confirm that at (6) (6) (7) (7) (7) (7) (6) Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P Ͻ 10 Ϫ4 for A with E, B with F, C with G, and D with H) followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). For all experiments, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. least some CA IV activity is effectively accessible to the cytosol. Schneider et al. propose that this intracellular CA IV, even though presumably restricted to the inside of vesicles, can, in effect, catalyze the interconversion of CO 2 and HCO 3 Ϫ in the cytosol. They propose that the vesicular membrane is permeable to CO 2 and HCO 3 Ϫ , which would give this vesicular CA IV access to cytosolic substrates. This hypothesis can be true only to the extent that injected ACZ has no access to the luminal side of membranes in the secretory pathway (i.e., location of properly oriented CA IV). We propose two additional options in which we assume that overexpression of CA IV leads to CA activity in the cytosol: 1) especially in the context of heterologous overexpression, some, perhaps partially misfolded, CA IV could undergo retrotranslocation from the endoplasmic reticulum, followed by inefficient degradation, resulting in cytosolic CA IV activity; and 2) heterologous expression of CA IV could trigger the oocyte to express native CA II. The explanation of Schneider et al. and our two options are not mutually exclusive.
Regardless of the mechanism by which expressed CA IV increases effective cytosolic CA activity in oocytes, Schneider et al. (26) conclude that it is only this intracellular enzyme that is relevant for the pH i and pH S effects of expressed CA IV. However, our data show that CA activity both at the extracellular surface and in the equivalent of a cytosol-accessible compartment is necessary, but that neither is sufficient, for the full effects of CA IV. Moreover, it appears that CA IV at the extracellular surface is more important than the equivalent of cytosol-accessible CA IV. The effect of extracellular ACZ in our CA IV experiments (Figs. 3 and 4) , but the lack of effect of extracellular ACZ in our CA II experiments 10 (Figs. 5 and 6), show that CA IV present on the extracellular surface is necessary for the changes in (dpH i /dt) max and ⌬pH S that we observed in oocytes expressing CA IV. Figure 7 confirms the conclusion of Schneider et al. that effective cytosol-accessible CA IV activity is also necessary. Note, however, that the data in Fig. 3 through Fig. 6 show that the equivalent of cytosolaccessible CA IV activity is not sufficient, concepts that are addressed in detail in the third paper in this series (21) . 10 Because the K½ for ACZ's inhibition of CA II (ϳ12 nM for human enzyme; see ref. 34 ) is much lower than for CA IV (ϳ200 nM for bovine enzyme; see ref. 34) , any ACZ entering the oocyte over the course of a short experiment should have produced a much greater inhibition of injected CA II than of any expressed CA IV with access to the cytosol. Thus, we can conclude that the effect of ACZ in our CA IV experiments (Figs. 3 and 4) was almost exclusively on extracellular enzyme. The tip of electrode no. 1 is ϳ5°downstream from the meridian perpendicular to the direction of bulk flow, and at the equator (border between the upward facing animal pole and downward facing vegetal pole of the oocyte); its pHS record is green. The tip of electrode no. 2 is at the back of the oocyte; its pHS record is magenta. In these experiments, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms. C-E: summary of experiments with dual pHS electrodes. These panels summarize results from a larger number of experiments, such as those in A and B. C shows time to peak for pHS produced by the introduction of extracellular CO2/HCO 3 Ϫ . D shows maximal changes in pHS (positive direction) caused by the addition of CO2/HCO 3 Ϫ . E shows time constants for pHS decay (pH S ) caused by the addition of CO2/HCO 3 Ϫ . Values are means Ϯ SE, with nos. of oocytes in parentheses. We performed a one-way ANOVA (overall P values: P ϭ 0.00013 in C, P ϭ 10 Ϫ4 in D, and P Ͻ 10 Ϫ4 in E) followed by a Student-Newman-Keuls (SNK) analysis (P shown for individual comparisons). For all experiments, the solution flowed at 3 ml/min and the sampling rate was 1 per 500 ms.
Modeling of CA IV. Our mathematical model corroborates the salient observations of the present study. Figure 19 shows the results of a pair of simulations, for the application and removal of CO 2 Fig. 19C ). Figure 20 illustrates the dimensions of the IM and EM regions in our simulations. During CO 2 influx, 11 the model predicts that, as CA IV replenishes CO 2 at the extracellular membrane surface by catalyzing the reaction HCO 3 Ϫ ϩ H ϩ ¡ CO 2 ϩ H 2 O, [CO 2 ] EM increases to higher values than in the control condition, tending to increase CO 2 influx. This enhanced influx causes [CO 2 ] IM to rise as well, but not by as much as [CO 2 ] EM rises. The net effect is an increased ⌬[CO 2 ] PM and thus a greater CO 2 influx until, about halfway through the simulation, the accelerated progress toward CO 2 equilibration reduces the transmembrane CO 2 gradient.
From the simulations of CO 2 influx in Fig. 19 , we summarize in Fig. 20 the maximal CO 2 diffusion and reaction rates near the plasma membrane in the presence and absence of CA IV. Note that Fig. 20B is identical to Fig. 12B in the first paper in this series (18) . For consistency with the first paper (18) and because Tris and H 2 O oocytes behave similarly [e.g., the key quantities (dpH i /dt) max and ⌬pH S are not significantly different between these two types of oocytes], in all simulations we use the physiological data from Tris oocytes from the first paper (18) , to establish the properties of our in silico "control" oocyte. The model predicts that the diffu- 11 The opposite would be true during CO2 efflux. Figure 20 illustrates the dimensions of the IM and EM regions. In modeling the "CA IV" oocyte, we implemented a large increase in CA activity on the extracellular surface of the oocyte, and a small increase in the cytosol. Details of the mathematical model are presented in the third paper in this series (21) . sion/reaction ratio (DRR) for replenishing CO 2 at the extracellular surface of the membrane is ϳ0.38 in the presence of CA IV (Fig. 20A) vs. ϳ2.5 in the absence of CA IV (Fig.  20B) . The lower DRR value in Fig. 20A indicates that CA IV makes the reaction relatively more important than diffusion. Figure 21 shows a comparison of the data from the physiological experiments in Fig. 4 with the comparable t 63 values [the time required for pH i or pH S to fall by 1Ϫ(1/e) or ϳ63%] from the simulations of CO 2 influx and efflux in Fig.  19 . In agreement with the physiological data, the mathematical model predicts that CA IV reduces all of the t 63 values for pH i and pH S .
Extracellular CA II. Whether added to oocytes expressing CA IV or injected with H 2 O, extracellular CA II tends to increase (dpH i /dt) max , and accentuates the stimulatory effect on (dpH i /dt) max of raising [HEPES] o (compare Fig. 15A with Fig.  13A , and Fig. 15E with Fig. 13E ). Because the CA II added to the BECF is "trans" to the pH i electrode, we can conclude that the extracellular CA II-like CA IV, which is tethered to the outer leaflet of the plasma membrane-enhances CO 2 influx. However, under the conditions of our experiments, CA II in the BECF is not as effective as CA IV.
Modeling of extracellular CA II. The mathematical model predicts that, for a control oocyte, extracellular CA II, implemented in the BECF, tends to increase (dpH i /dt) max only very slightly. We believe that this discrepancy between the predictions of the model and the physiological data is due to the special environment, with restricted diffusion and enhanced reaction, that the pH S electrode creates when pushed against the oocyte surface. In the present model, we mimicked a special environment by accentuating the diffusion barrier that the vitelline membrane produces (see the details in the third paper of this series; ref. 21 ) near the outer surface of the oocyte. Because of the assumption of radial spherical symmetry, this diffusion barrier is implemented everywhere near the outer surface of the oocyte, whereas the pH S electrode affects only the small portion of the oocyte surface against which the tip of the pH S electrode is pushed. However, whereas such accentuation of the diffusion barrier due to vitelline membrane allows us to reproduce the physiological ⌬pH S data (see the details in the third paper in this series; ref. 21) , it overattenuates the radial flux of CO 2 from the BECF to the outer surface of the oocyte, and thereby reduces the magnitude of (dpH i /dt) max . Addressing this inconsistency will require modeling the special environment between the pH S electrode and the cell surface, a volume in which diffusion no longer works in the radial direction, but is rather based on seepage in along the membrane surface.
Effect of Varying CO 2 /HCO 3 Ϫ Levels
At a fixed [HEPES] o of 5 mM, we examined the effect of raising CO 2 /HCO 3 Ϫ from 1.5%/10 mM to 5%/33 mM to 10%/66 mM.
Effect on (dpH i /dt) max . In Fig. 9 and Fig. 10A , we saw that, as we increase [CO 2 ] BECF from 1.5% to 5% to 10% (ratios: 1/ϳ3.3/ϳ6.6), (dpH i /dt) max increases in smaller ratios for H 2 O-injected oocytes (1/ϳ2.4/ϳ3.4). As expected, these ratios are similar those we observed for "Tris" oocytes (1/ϳ2.3/ ϳ3.4) in the first paper in this series (18) . For oocytes expressing CA IV, the magnitudes of the (dpH i /dt) max values are decidedly larger than for H 2 O-injected or "Tris" oocytes, comparable instead to the values we observed in oocytes injected with CA II in the first paper (18) ; but (dpH i /dt) max increases in smaller ratios (1/ϳ1.7/ϳ2.5) than for "CA II" oocytes (1/ϳ2.0/ϳ3.5). The mathematical model predicts that, for "CA IV" oocytes, (dpH i /dt) max , which occurs ϳ9 -11 s into the simulation when evaluated 50 m beneath the membrane, should increase in the ratios 1/ϳ2.2/ϳ3.8 [ Table 3 , "(dpH i / dt) max " column]. The explanation for this discrepancy in ratios, which is presented in the DISCUSSION of the first paper (18) and confirmed by the mathematical model, is that our physiological pH i data reflect events occurring as late as ϳ40 s into the electrophysiological experiments. Indeed, the mathematical model predicts that the ratio of (dpH i /dt) max values at a depth of 50 m and at 40 s into the simulation (not shown) are very close to those reported in Fig. 10A .
Why are the ratios of physiological (dpH i /dt) max values so much lower than the 1/3.3/6.6 ratios for [CO 2 ] BECF values? The mathematical model predicts that the maximal CO 2 flux from the region just outside the membrane (EMϩ1) into the region adjacent to the extracellular surface of the membrane (EM; arrow 1 in Fig. 20 ) increases in the ratios 1/4.1/8.7 (column "1" in Table 3 ), much higher than the ratios of [CO 2 ] BECF values. However, the ratio for CO 2 influx across the plasma membrane (arrow 2 and column "2") already decays sharply to approximately the same ratios (1/2.3/3.8) as for the physiological (dpH i /dt) max . Similarly low is the ratio of maximal CO 2 fluxes from the region adjacent to the intracellular surface of the membrane (IM) to the adjacent intracellular region (IMϩ1; arrow 3 and column "3"). Even lower is the ratio of maximal fluxes through the reaction CO 2 ϩ H 2 O ¡ H 2 CO 3 in the IM region (arrow 5 and column "5"). Fig. 21 . Comparison of physiological data with t63 data predicted by the mathematical model. The physiological data are taken from Fig. 8 ; note that here we report the means Ϯ standard deviation (and not SE, as in Fig. 8 ).
The simulated "Control" data are identical to those in Fig. 13 in the first paper in this series (18) . An apparent inconsistency arises when we compare pHS data from physiological experiments (time constant, ) and simulations (time to 63% of completion, t63) for CO2 addition, under both CA IV and control conditions. The inconsistency probably arises, in part, because of the multiexponential decay of the simulated pHS trajectory, the special nature of the pHS trajectory beneath the pHS electrode, and the asymmetry of pHS over the oocyte surface. Details of the mathematical model are presented in the third paper (21 to rise and step 2 to decelerate. This effect, which would have been more striking if we had not incremented cytosolic CA activity in the simulations of "CA IV" oocytes, is likely part of the explanation for the supraadditivity of CA activities on the extracellular surface and the cytosol, as discussed in the third paper in this series (21) .
Recall that, for "CA II" oocytes (first paper in this series; ref. 18 ), the mathematical model predicts no decay in ratios of maximal CO 2 fluxes near the plasma membrane (arrows 1, 2, 3). Instead, the low ratio for the physiological (dpH i /dt) max is due to the reaction CO 2 ϩ H 2 O ¡ H 2 CO 3 in the IM region (arrow 5) and to the conversion from d[H ϩ ] i /dt to dpH i /dt. Thus, in both the CA II and CA IV experiments, increases in [CO 2 ] BECF fail to produce proportional increases in (dpH i / dt) max . However, the explanations for this nonproportionality are fundamentally different for the two types of experiments.
Effect on ⌬pH i . For both "CA IV" and H 2 O-injected oocytes, the three [CO 2 ] BECF values produced ⌬pH i values that are consistent with a constant buffering power of ϳ16 mM/pH unit. This observation is consistent with the notion that 1) the intrinsic buffering power of oocytes is approximately stable over the pH i range of our experiments (as discussed in the first paper in this series; ref. 18) , and 2) expressing CA IV does not alter this buffering power, even though it does elevate the initial pH i .
Effect on pH S . In Fig. 9 and Fig. 10C , we saw that, as we increase [CO 2 ] BECF from 1.5% to 5% to 10% (1/ϳ3.3/ϳ6.6), ⌬pH S increases in smaller ratios, regardless of whether the oocytes express CA IV (1/ϳ1.7/ϳ2.1) or are injected with H 2 O (1/ϳ1.6/ϳ2.4). At all three levels of CO 2 /HCO 3 Ϫ , ⌬pH S is substantially greater for "CA IV" oocytes (present paper) than for "CA II" oocytes (first paper in this series; ref. 18) , and both are substantially greater than for Tris-injected oocytes (first paper; ref. 18) or H 2 O-injected oocytes (present paper). The mathematical model predicts that, for "CA IV" oocytes, ⌬pH S should increase in the ratios 1/ϳ1.8/ϳ2.3 (Table 3 , column 3), which is virtually identical to that for the predicted maximal fluxes through the reaction H 2 CO 3 ¡ CO 2 ϩ H 2 O in the EM region (arrow 4 in Fig. 20 and column "4" in Table 3 ). In the above section titled "Effect on (dpH i /dt) max ," we saw that, during graded increases in [CO 2 ] BECF , steps 3 and 5 cannot keep pace with the incremental CO 2 influx, causing a relative slowing of the CO 2 influx (step 2). The result is a buildup of CO 2 in the EM region, which in turn prevents the increases in step 4 from keeping pace with the increase in [CO 2 ] BECF .
Asymmetry of pH Changes Upon Addition vs. Removal of CO 2
For oocytes expressing CA IV, as already seen in the first paper of this series (18) for oocytes injected with CA II, we observe that the magnitude of (dpH i /dt) max is greater for CO 2 addition vs. removal. Moreover, the time constants for the pH i trajectories are smaller (faster) for CO 2 addition vs. removal. However, for oocytes expressing CA IV, unlike "CA II" oocytes, the magnitude of ⌬pH S is similar for both CO 2 addition and removal. Nevertheless, the time constants for pH S decay continue to have the same trend observed for "CA II" oocytes, that is, smaller (faster) for CO 2 addition vs. removal.
Effect on pH i . Figure 2A shows that the magnitude of (dpH i /dt) max for CO 2 addition (gray bar) is about twice as great as the magnitude of (dpH i /dt) max for CO 2 removal (white bar) in "CA IV" oocytes. Figure 8 shows that pH S is similarly smaller (faster) for CO 2 addition vs. removal.
As for "CA II" oocytes, we explain this CO 2 -on/off disparity in (dpH i /dt) max magnitudes in part with the Boron-De Weer model (2) , which ignores diffusion and predicts a disparity of ϳ5% because of the difference in initial pH i values, and with our mathematical model of a "CA IV" oocyte, which predicts a disparity of 24% (see Table 4 ) due, in part, to the ϳ16% asymmetry in reaction rate (i.e., CO 2 ϩ H 2 O º H 2 CO 3 ) in the IM region (compare arrow 5 in Fig. 20A vs. Fig. 22A ). However, because the physiologically observed CO 2 -on/off disparity is far larger than 24%, we can conclude that the present model lacks certain necessary features. As noted in the Ratios predicted by the mathematical model for "CA IV" oocyte and "Control" oocyte at the three different experimental conditions (i.e., 1.5% CO2, 5% CO2, and 10% CO2). The numerals at the top of the columns refer to the fluxes and reactions of Fig. 20, A (CA IV) In agreement with the physiological data, the mathematical model predicts a t 63 for pH i that is smaller (faster) for CO 2 addition vs. removal (Fig. 21) .
Effect on pH S . Figure 2C shows that, in the presence of CA IV, the magnitude of ⌬pH S with CO 2 addition (gray bar) is about as great as that for CO 2 removal (white bar).
The mathematical model actually predicts a slightly lower magnitude of ⌬pH S for CO 2 addition vs. removal, both in the presence and absence of CA IV (see Table 4 ). An explanation for this prediction of the model is that the DRR in the EM region is greater during CO 2 influx (Fig. 20, A and B) than efflux (Fig. 22A vs. Fig. 22B ). The lower DRR values with CO 2 efflux mean that diffusion becomes relatively less important than reaction for removing CO 2 from (vs. delivering CO 2 to) the EM region during CO 2 efflux (vs. influx). Underlying the decrease in DRR during CO 2 efflux is the vitelline membrane, as well as the space beneath the pH S electrode. Both temporarily trap the exiting CO 2 , increasing the probability that the exiting CO 2 will undergo conversion to HCO 3 Ϫ ϩ H ϩ . Our model also supports the prediction made in the previous paper (18) that the presence of CA IV will cause a larger fraction of exiting CO 2 to be converted to HCO 3 Ϫ and H ϩ , thereby reducing the CO 2 off/on disparities for ⌬pH S . Stated differently, in the presence of CA IV, the DRR is only ϳ0.25 during CO 2 efflux (Fig. 22A) , meaning that the reaction in the EM region is dominant for disposing of exiting CO 2 . In the absence of CA IV, the DRR is nearly 10-fold higher (Fig. 22B) , meaning that diffusion from EM to EMϩ1 is dominant for disposing of exiting CO 2 .
Effect of Varying [HEPES] o
In their pioneering study, Gutknecht and Tosteson (16) observed that the flux of sialic acid across an artificial lipid bilayer was enhanced by another buffer (citrate). They also predicted a comparable result for the flux of CO 2 . Gutknecht et al. (15) later presented data that are consistent 12 with the idea that HEPES (tested only at 50 mM) enhances the flux of CO 2 (tested only at 5%), but only with CA II added to the bulk fluid. Conversely, they demonstrated that CA II enhances the CO 2 flux, but only with HEPES added to the bulk fluid. Their concept (see Fig. 1 of the first paper in the present series; ref. 18 ) was that, during CO 2 influx, for example, the replenishment of CO 2 at the membrane surface by the reaction HCO 3 Ϫ ϩ H ϩ ¡ CO 2 ϩ H 2 O can be effective only when another buffer can replenish the protons via the reaction HA ¡ H ϩ ϩ A Ϫ . Conversely, the replenishment of protons can be effective only when the CA-catalyzed reaction can consume the protons rapidly. We will see that the stated concept is accurate only if we replace "effective" with "maximally effective" in the preceding two sentences. 12 The data set in Table II (1, 5 , and 25 mM), and 5) two extreme levels of CO 2 (1.5% and 10%). The relevant aspects of our data are the magnitude of (dpH i /dt) max and pH S . In anticipation of the discussion that follows, we emphasize that, during CO 2 influx, the absence of an effect of CA IV expression on (dpH i /dt) max is not very informative because, as discussed in the first paper of this series (18) , pH i data reflect events that occur deep beneath the plasma membrane. Therefore, (dpH i / dt) max may underestimate the rate in which CO 2 is entering the cell.
1.5% CO 2 in oocytes expressing CA IV. Raising [HEPES] o stepwise from 1 to 25 mM has no effect on the magnitude of (dpH i /dt) max (Fig. 13A) , but causes graded decreases in pH S (Fig.  13D) . Thus, in the presence of CA IV, present both at the outer surface of the cell membrane and in the equivalent of a cytosolaccessible compartment, stepwise increases in [HEPES] o produce stepwise increases in CO 2 influx (as judged by pH S ).
The mathematical model predicts that raising [HEPES] o from 1 to 25 mM causes the magnitude of (dpH i /dt) max to increase (Fig. 23A) , ⌬pH S to decrease (Fig. 23B) , and the t 63 for pH S to decrease (Fig. 23C) . These trends parallel the physiological data ( Fig. 13 and reproduced in Fig. 23) from 1 mM to 25 mM has no effect on (dpH i /dt) max (Fig. 13E) . We also detect no significant effect on pH S (Fig. 13H) , although we note that the small size of the ⌬pH S in these experiments makes curve fitting difficult or impossible. These results are consistent with the data of Gutknecht et al. (15) and provide no evidence that, during exposures to 5% CO 2 , increasing [HEPES] o accelerates CO 2 influx into oocytes with only native CA activity.
In agreement with the physiological data, the mathematical model predicts that raising [HEPES] o from 1 mM to 25 mM produces minimal effects on (dpH i /dt) max (Fig. 23D ) and the t 63 for pH S (Fig. 23F) . Although not shown, the mathematical model predicts that, in the absence of CA IV, the maximal CO 2 flux should increase very little with increase in [HEPES] o .
10% CO 2 in oocytes expressing CA IV. Raising [HEPES] o from 1 mM to 25 mM both increases the magnitude of (dpH i /dt) max (Fig. 17A ) and decreases pH S (Fig. 17D ). Note that with only 1.5% CO 2 in the presence of CA IV (Fig. 13, A  and D Ϫ . C and F: time constants for pHS decay in physiological experiments (pH S ) and time to 63% of completion (i.e., t63) for pHS decay predicted by mathematical model during the addition of CO2/HCO 3 Ϫ . The physiological data are taken from Fig. 13 ; note that here we report the means Ϯ standard deviation (and not SE, as in Fig. 13) . Details of the mathematical model are presented in the third paper in this series (21) .
The mathematical model predicts that raising [HEPES] o from 1 mM to 25 mM causes the magnitude of (dpH i /dt) max to increase (Fig. 24A ) and the t 63 for pH S to decrease (speed) modestly (Fig. 24C) . Moreover, the mathematical model predicts that increasing [HEPES] o from 1 mM to 5 mM should cause the maximal CO 2 influx to increase by ϳ20%, and that increasing [HEPES] o from 5 mM to 25 mM should cause a further ϳ40% increase.
10% CO 2 in H 2 O-injected oocytes. Raising [HEPES] o stepwise from 1 to 25 mM has no effect on (dpH i /dt) max (Fig. 17E) , but does decrease pH S (Fig. 17H) . The latter result indicates that even if we do not introduce an exogenous CA, 13 (Fig. 13H) .
The mathematical model predicts that raising [HEPES] o from 1 mM to 25 mM produces slight increases in the magnitude of (dpH i /dt) max (Fig. 24D) , rather large decreases in ⌬pH S (Fig. 24E) , and little effect on t 63 for pH S (Fig. 24F) . Consistent with the (dpH i /dt) max data in Fig. 24D , the mathematical model predicts that increasing [HEPES] o from 1 mM to 5 mM should cause the maximal CO 2 influx to increase by ϳ6%, and that increasing [HEPES] o from 5 mM to 25 mM should cause a further 5.5% increase. Presumably, these small increases in maximal influx are insufficient to translate to meaningful changes in predicted (dpH i /dt) max or t 63 . Finally, the mathematical model predicts that the ability of increased [HEPES] o to raise the CO 2 flux is greater at 10% than at 1.5% CO 2 .
Asymmetry of pH S at Different Electrode Positions
In the experiments reported in the present paper (see Figs. 8  and 11 ), as well as in those reported in the first paper in this series (see Fig. 6 in that paper; ref. 18) , we nearly always observed that pH i is greater (slower) than pH S . One reason (discussed in the first paper; ref. 18 ) is the depth of electrode impalement. We hypothesize that a second reason for this difference could be an asymmetric rise in [CO 2 ] o over the surface of the oocyte. We tested this hypothesis by performing experiments with two pH S electrodes (Fig. 18, A and B) . We found that 1) the time to peak for pH S is longer for the electrode at the back of the oocyte than the one at the meridian perpendicular to flow (M PF ) (Fig. 18C) ; 2) the mean ⌬pH S is slightly less for the back electrode in "CA IV" oocytes (Fig. 13 In the first paper in this series (18) , we concluded that Tris-injected oocytes (comparable to H2O-injected oocytes in the present paper) have a modest ACZ-insensitive CA activity on the outer surface of the membrane. Thus, this same modest CA activity on the cell surface may be required for elevated levels of [HEPES] o to produce a detectable increment in CO2 influx at 10% CO2. Ϫ . C and F: time constants for pHS decay (pH S ) in physiological experiments and time to 63% of completion (i.e., t63) for pHS decay predicted by mathematical model during the addition of CO2/HCO 3 Ϫ . The physiological data are taken from Fig. 17 ; note that here we report the means Ϯ standard deviation (and not SE, as in Fig. 17) . Details of the mathematical model are presented in the third paper in this series (21) . 18D); and 3) pH S is substantially greater for back electrode (Fig. 18E) .
The most straightforward explanation for these results is that [CO 2 ] S rises and falls more rapidly at the M PF of the oocyte (i.e., the standard position for our pH S electrode) than at the back of the oocyte (i.e., downstream and thus in the "shadow" of the oocyte). At the M PF , and presumably even more so at the front, facing the oncoming solution, the net CO 2 influx relatively quickly reaches its maximal values (J max ). Sometime later, the net CO 2 influx falls to any arbitrary fraction of J max (J fraction ). At the back of the oocyte (vs. the front or M PF ), J max is smaller and occurs at a later time, and also falls to J fraction at a later time. Nevertheless, the completion of CO 2 equilibration must occur at about the same time over the entire surface of and throughout the oocyte. We propose that the pH i time course that we record in a physiological experiment more closely tracks average events within the oocyte, and is thus intrinsically slower than pH S events tracked at the M PF , but faster than pH S events at the back. We predict that placing the pH i and pH S electrodes near one another, at the back of the oocyte, would reduce the discrepancy between our pH i and pH S records. Thus, we hypothesize that it is the asymmetry of the time course of [CO 2 ] S that underlies the differences in pH i vs. pH S .
The present mathematical model predicts that, during CO 2 addition, the decay of pH S (recorded anywhere on the oocyte surface) from its peak should roughly parallel the fall in pH i (recorded at a depth of ϳ50 m, anywhere beneath the oocyte surface). The discrepancy between the physiological data (which show pH i Ͼ pH S ) and the model's predictions (which show pH i ϭ pH S ) does not reflect a shortcoming in the model per se, but suggests that, based on diffusion only, the present model is unable to reproduce the aforementioned differences observed in the physiological experiments. Fully accounting for the physiological data will require that the mathematical model be extended to include the convection of the BECF as it flows around the oocyte.
Conclusions
Expressing CA IV increases the magnitude of (dpH i /dt) max during both CO 2 addition and removal, and ACZ in the BECF largely reverses the effects. The mathematical model predicts that CA IV at the oocyte surface maintains a relatively high [CO 2 ] S during CO 2 influx, and a relatively low [CO 2 ] S during CO 2 efflux, and that the equivalent of cytosol-accessible CA IV activity has the opposite effects on [CO 2 ] i . At both locations, the enzyme increases transmembrane CO 2 gradients, and thus CO 2 fluxes and magnitudes of (dpH i /dt) max .
The time constant for the decay of pH i is greater (slower) than that of pH S , reflecting in part the depth of impalement of the pH i electrode, and in part the asymmetry of [CO 2 ] S over the surface of the oocyte.
Raising [CO 2 ] BECF increases (dpH i /dt) max , but less than proportionally.
Increasing the concentration of the extracellular non-CO 2 / HCO 3 Ϫ buffer (HEPES in our experiments) accelerates CO 2 influx-as judged by (dpH i /dt) max and pH S , but only in the presence of an extracellular CA or a very high [CO 2 ] BECF (e.g., 10%). The attendant decrease in pH S is more sensitive than (dpH i /dt) max as an index of the stimulatory effect of HEPES.
The mathematical model accounts for the general features described in the present study.
Because CA IV activity, in oocytes heterologously expressing CA IV, is present both on the outer surface of the membrane and in the equivalent of a cytosol-accessible compartment, pH i and pH S , but not (dpH i /dt) max or ⌬pH S , provide intuitive information about the effects of the enzyme on CO 2 fluxes. pH i and pH S reflect the time necessary for CO 2 to equilibrate across the cell membrane.
